Primary and secondary inclusions in Si/Mn and Si/Mn/Ti deoxidized structural steels subjected to different thermal histories were investigated in view of evolution of size, composition, and morphology. Primary inclusions quenched from 1 600°C contained very low levels of sulfur, and hence MnS precipitation on them was hardly found. The mean diameter of secondary inclusions lied in the range of 1-3 mm depending on the cooling rate and chemical compositions of steels. Both MnO and MnS content were higher in smaller secondary inclusions. MnS which precipitated on manganese silicate inclusions in Si/Mn deoxidized steels mostly grew into the inclusions. As inclusion size increased, the number of MnS precipitates on each inclusion was also increased. Titanium in steel had a tendency to reduce SiO 2 content in inclusions and to associate with MnO in the inclusions to form a stoichiometric relationship of Mn/Ti ratio in the inclusions. If Ti content in Si/Mn/Ti deoxidized steels was low, the secondary inclusions were found to form with multiple phases; viz., manganese silicate phase, Mn-Ti oxide phase, and MnS phase. The MnS phase always precipitated in the manganese silicate phase. The proportion of manganese silicate phase in each inclusion decreased with a corresponding increase in Ti content in the steel, and eventually disappeared completely when the Ti content exceeded a certain level (70 ppm in the present steel compositions). In this case MnS was found to precipitate outside Mn-Ti oxide inclusions and grew into the steel matrix. In order to interpret and predict the behavior of inclusion precipitation and growth, a model has been developed which incorporates both thermodynamic and kinetic considerations.
Introduction
For a long time, some oxide particles precipitated by doped oxygen during welding have been used to refine the microstructure of heat-affected zone (HAZ) of steel welds, providing nucleation sites for intragranular acicular ferrites. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] To date there has been no practical application for the utilization of inclusions as catalysts to the grain refinement in the interior part of steel plates. Yet, utilization of inclusions in steel plates is recently drawing much attention [11] [12] [13] [14] [15] [16] [17] because acicular ferrite microstructures nucleated from inclusions are known to present an optimized combination of mechanical properties. 18, 19) Although there is ongoing controversy about the mechanisms by which inclusions catalyze the nucleation of acicular ferrites, it is generally accepted that multi-phase inclusions comprising oxides and other precipitates such as MnS, TiN, and VN are more effective than mono-phase inclusion particles. In particular, MnS precipitation in association with oxides has been noted due to the synergetic effect of the Mn-depleted zone created in the vicinity of the inclusions to promote the potency of inclusions. [20] [21] [22] [23] [24] However, there is still a lack of understanding about the nature of inclusions in steels, which is essential to elucidating the heterogeneous nucleation mechanisms of ferrite from inclusions. For the effective utilization of inclusions, the nature of inclusions in steels has to be exploited in a quantitative way during steel making processes.
In the present study, an attempt has been made to evaluate the inclusion traits such as size, composition, and morphology in laboratory steel specimens subjected to different thermal histories. In order to clarify the differences between primary inclusions formed during the refining stage and secondary inclusions precipitated during solidification and afterwards, the natures of both categories of inclusions have been compared. The effect of Ti addition on the composition and morphology of inclusions were also investigated and focused on the oxide phase changes and MnS precipitation behavior in association with oxides in Si/Mn/Ti steels.
Experimental Procedure
In order to elucidate the natures of primary and secondary inclusions in silicon, manganese and/or titanium deoxidized steels, two kinds of steels (with and without titanium) and two different thermal conditions (water-quenching and furnace-cooling from a melt temperature of 1 600°C) were employed. To investigate the effect of titanium addi-tion on complex inclusions in Si/Mn/Ti deoxidized steels, five specimens with varying titanium content were prepared.
Sample Preparation
Si/Mn and Si/Mn/Ti deoxidized steels were prepared using an induction melting furnace as illustrated schematically in Fig. 1 . About 300 g of electrolytic iron was melted together with 0.33 g of Fe 2 O 3 powder and 0.025-0.05 g of FeS powder in a magnesia crucible with 40 mm in diameter and 125 mm in depth under a purified argon gas atmosphere. After stabilization of the melt at 1 600°C, 6 wt% C ferro-carbon was added to make 0.1 % C steel melt. 30 s after deoxidation by sequentially adding manganese, silicon, and titanium, a portion of the melt (about 150 g) was withdrawn into fused silica tubes by suction with a syringe and quenched in water to form rod-shaped specimens. The melt remaining in the crucible (about 150 g) was held at 1 600°C for 10 min to remove primary inclusions by flotation, followed by continuous cooling to room temperature in the furnace by turning off the power, where the cooling rate was measured to be 32°C/min on average. Furnace cooled specimens were used to investigate secondary inclusions formed during solidification. The quenched specimens were then sliced into pieces. Some of these were directly used in investigating primary inclusions which formed in the liquid steels, and others were subjected to isothermal holding at 1 200°C for 20 min and then cooled in order to simulate the soaking process. Table 1 shows the chemical composition of prepared steels. In the table, the MS symbol represents manganese and silicon deoxidized steels while MST steels have an additional deoxidant of titanium besides manganese and silicon. The WQ and FC symbols stand for the thermal condition of water-quenching and furnace-cooling respectively. It is seen in Table 1 that oxygen content was lowered correspondingly with titanium addition. It should be noted that oxygen content is much lower in furnace-cooled samples than in water-quenched samples, which retain (preserve) the total oxygen levels of molten steels at 1 600°C after deoxidation. The decreases of oxygen and titanium contents in FC specimens are thought to result from removal of inclusions through flotation during holding at 1 600°C and subsequent cooling.
In order to study the precipitation behavior of manganese sulfide on primary oxide inclusions, water-quenched specimens were subjected to isothermal holding (simulating the reheating process before rolling) at an elevated temperature of 1 200°C using the high-frequency induction heater shown in Fig. 2. 
Thermal Conditions
In order to make clear the thermal conditions employed in each experiment of the present study, temperature has been measured using thermocouples. When measuring the thermal history during continuous casting and the subsequent cooling process, a Pt-Rh thermocouple was embedded in the center of the crucible containing liquid steels. The thermocouple tip was placed 1 cm above the bottom of the crucible in the experimental setup presented in Fig. 1 . In order to measure the temperature profile during melt suction and water quenching, a Pt-Rh thermocouple placed in the center of fused silica tube along with a specially designed syringe was used, as seen in Fig. 3 . The temperature profile of the isothermal holding experiment was measured as depicted in Fig. 2 , where Pt-Rh thermocouple wires were spot-welded to the surface of the sample. The measured thermal profile in each condition is presented in Figs. 4(a) to 4(c). The average cooling rate of the water quenched sample in Fig. 4(a) is about 670°C/s, so it can be safely said that primary inclusions in the molten steel are retained in the specimen. The plateau seen at about 0.6 s implies solidification of highly undercooled melt below 1 000°C. The temperature profile of the steel solidified and cooled in the furnace is presented in Fig. 4(b) . Liquidus and solidus temperatures of the steels were calculated to be about 1 520 and 1 480°C respectively. The local solidification time of the steel solidified in the furnace was measured to be about 186 s in Fig. 4(b) . The average cooling rate of this sample was about 32°C/min. Figure 4(c) shows the thermogram of the isothermal holding experiment. Precipitation of MnS on primary oxide was investigated with this thermal condition.
Analysis
For microscopic observation, the samples were cut, mechanically polished using diamond powder emersion with water, and etched for 3-5 s using an etchant containing 10 g of potassium meta-bisulfite and 100 ml of distilled water. The use of this etchant made it possible to prepare samples for microscopic examination without the inclusions being dissolved during etching. The samples were then subjected to examination using optical microscopy and scanning electron microscopy (SEM). For high-definition images of inclusions, the SEM examinations were carried out using a scanning electron microscope (Jeol TM JSM-6330F) with field emission gun, provided with an Inca TM analytical system.
The size of inclusions in each sample has been also evaluated (besides the morphology). To measure the size of inclusions, FE-SEM images were exclusively used along with image analysis software. In order to get statistical information about size distribution of inclusions, photographs with magnification of ϫ1 000 (for WQ steels) or ϫ400 (for FC steels) were taken from random points on the polished surface of the mounted specimens. Measured areas are 0.9148, 0.7346, 2.600, and 2.727 mm 2 for MSWQ, MST3WQ, MSFC, and MST3FC steels respectively.
The composition of selected inclusions in each steel has been measured by energy dispersive X-ray spectra (EDS) analysis with full ZAF corrections, using a scanning electron microscope. A minimum of 30 inclusions were examined in each specimen using an acceleration voltage of 20 kV. During measurement, area mapping around each inclusion was employed to determine the average composition of an inclusion. In addition, inclusion area-mapping images revealed the distribution of each element in the inclusion. In order to obtain enough intensity to resolve elemental peaks, analysis was carried out for at least 5 min. Following this, iron and oxygen were subsequently excluded from the element population. Iron was ruled out to eliminate the contribution of stray signals from the steel matrix while oxygen was excluded since oxygen accuracy is not sufficient for this scientific analysis. The content of the remaining elements was then normalized to 100 % and reported in the unit of atomic percent.
Phase stability and inclusion compositions in each steel have been calculated with temperature using ChemSage 25) along with a dataset of thermodynamic parameters describing the Fe-C-Mn-Si-Ti-Al-Ca-S-P-O-N system constructed by GTT Technologies. 26) The phases considered in the present calculation are liquid steel, d-ferrite, austenite, a-ferrite, molten oxide, Ti 2 molten oxide (slag) phase, a solution of MnO, SiO 2 , TiO 2 , Ti 2 O 3 , and MnS has been considered. 29) If there existed Mn-silicate phase in a multiphase inclusion in furnace-cooled specimens, MnS precipitated preferentially in association with Mn-silicate as an embedded form. When Mn-silicate phase was not present in the inclusion, however, as in Fig. 5(d) , MnS precipitated around oxide seed wrapping it.
Results

Comparison between Primary and Secondary
Composition of Primary and Secondary Inclusions
The average chemical composition of inclusions in each steel is presented in Table 2 . It should be noted that contents of Mn and S in isolate MnS in steel matrix have not been included in the quantitative analysis on composition of inclusions. The major elements in MS and MST3 steel are manganese and titanium respectively. In the waterquenched specimens (WQ), MS steel has a significantly larger sulfur content than MST3 steel as can be seen in Table 2 , which suggests higher sulfide capacity of primary inclusions in MS steel than in MST3 steel.
Inclusions in furnace-cooled specimens (FC) are featured by a sulfur content over 20 %. Although the average sulfur content of inclusions in water-quenched specimens are quite different in MS and MST steels, those of inclusions in furnace-cooled specimens are almost identical in both steel chemistries. It is known that the thermal condition employed in the furnace-cooling experiment is slow enough to enable most oxides to act as substrates for MnS precipitation, irrespective of the compatibility (i.e., sulfide capacity) of oxides with MnS.
Size of Primary and Secondary Inclusions
Statistical information about inclusion size in each steel is shown in Fig. 6 and Table 3 . Number density of inclu- sions for each size group in each steel is plotted in Fig. 6 , which shows typical bell-shaped curves as in other reports. 30, 31) The highest peaks appear below 1 mm in waterquenched steels while maximum peak values appear in 1-2 mm range in furnace-cooled steels. In Table 3 , average sizes of inclusions of MS and MST3 steels are almost identical under identical thermal conditions. Therefore the average diameters of primary inclusions in water-quenched steels are about 1 mm, while those of complex inclusions in furnace-cooled steels are about 2 mm under each deoxidation condition. It is thought that not Ti content but thermal state mainly determines average inclusion size in Mn-Si-Ti deoxidized steels, if the contents of other alloying elements are identical in the steels. The spatial number density of inclusions given in Table 3 was obtained from measured area number density using DeHoff's equations. 32) As revealed in the area number density plot in Fig. 6 , values of spatial number density of inclusions in water quenched-steels are about ten times greater than those in furnace-cooled steels. From the greatly reduced number density of inclusions and oxygen content in furnace-cooled steels compared with water-quenched steels (Table 1) , it can be said that most of the primary inclusions were removed from the melt under the present thermal condition of isothermal holding and continuous cooling process in the furnace.
The higher number density of inclusions in MSFC steel than in MST3FC steel may be attributed to higher oxygen and sulfur content in MSFC steel. In the case of waterquenched steels, however, values of spatial number density of primary inclusions are almost identical in MS and MST steels despite the large difference in oxygen contents (see Table 1 ). The number density of inclusions was found to depend primarily on the total amount of inclusions, which is determined by the content of insoluble oxygen, i.e., the difference between total oxygen content and equilibrium level of soluble oxygen. Although total oxygen content of 99 ppm in MSWQ steel is greater than 64 ppm in MST3WQ steel, content of insoluble oxygen is identical as 25 ppm in each case considering the soluble oxygen contents of 74 ppm and 39 ppm (which were calculated) in MSWQ and MST3WQ steels respectively at 1 600°C. In furnace-cooled steels, total oxygen content is related to the total amount of oxides in the solidified steels since the content of soluble oxygen in solidified steel is virtually zero. Thus, the total amount of inclusions in steels is thought to be the main factor determining the number density of inclusions when thermal conditions are identical.
Effect of Ti Addition on Inclusions
Morphology of Inclusions
Before isothermal holding at 1 200°C, MnS precipitation was not observed on oxide seeds in water-quenched steels as can be seen in Figs. 5(a) and 5(b). Variation of inclusion morphology in each steel with Ti content after isothermal holding at 1 200°C is seen in Fig. 7 . In the case of MS steel ( Fig. 7(a) ), MnS precipitates have been observed as embedded in the Mn-silicate oxide seed. In MST steels with low Ti content (Figs. 7(b) and 7(c) ), the oxide seed is comprised of Mn-Ti-oxide and Mn-silicate, and MnS precipitates have been observed as embedded in Mn-silicate phase. When Ti content is higher than 100 ppm (Figs. 7(d) and 7(e)), no Mn-silicate was found in the oxide seed, and MnS precipitates have been found to form wrapping oxide seed.
Composition of Inclusions
The change in composition of inclusions with Ti content in each steel is shown in Fig. 8 . Isolate MnS has not been included in the measurement for evaluating average composition of inclusions. As Ti content increases in the steels, Ti content in inclusions increases while the content of other elements such as Mn, Si, and S in inclusions decreases. Note that Si content decreases more rapidly than Mn content in oxides with Ti addition and practically becomes zero when Table 1 (Symbol: measured, Line: calculated).
Ti content is greater than 100 parts per million in steels. This might be attributed to the higher affinity of MnO than that of SiO 2 with Ti-oxide. Composition of inclusions has been calculated at 1 200°C and the results are compared with measured data in Fig. 8 for each steel chemistry. Predicted composition of inclusions is consistent with the measured data.
Discussion
Phase Evolution with Temperature
Phase stability of MS and MST3 steels has been predicted with respect to temperature and presented in Figs. 9(a) to 9(d) respectively. Phase evolution from melt temperatures of 1 600 to 600°C has been calculated based upon computational thermodynamic technique for the steel chemistry given in Table 1 . In the case of water-quenched specimens (MSWQ and MST3WQ), primary liquid-oxide inclusions form at 1 600°C and total up to approximately 80 parts per million in both steels. In furnace-cooled specimens (MSFC and MST3FC), however, oxide inclusions start to precipitate just after commencement of solidification, grow rapidly during solidification, and reach their maximum amount at the completion of solidification. Hence, inclusions in the furnace-cooled samples presented in Fig. 5 can be thought of as secondary inclusions formed during solidification and the subsequent cooling process.
During cooling in the furnace, liquid Mn-silicate and Ti 2 O 3 inclusions first appear in MSFC and MST3FC steels respectively. Then, precipitation of MnS starts just after the complete solidification of steel in all cases (this explains the absence of MnS precipitates in primary inclusions of water-quenched steels). Thus, complex inclusions comprising oxide seeds and MnS precipitates will form. The characteristic morphology of complex inclusions in furnacecooled steels shown in Fig. 5 may be interpreted with this analysis.
Relationship among Size, Composition and MnS Precipitation in Association with Oxides
The relationship between size and composition of complex inclusions in furnace-cooled steel (MSFC) is presented in Fig. 10 . Size of oxide seeds could not be directly measured due to their complex shapes (as seen in Fig. 5(c) ), but have been estimated from measured size and composition of complex inclusion comprising oxide seed (Mn-silicate) and MnS. In Fig. 10(a) , MnO content in oxides larger than 3 mm (Case I) is almost constant. When the oxide size is less than 3 mm (Case II), however, MnO content in the oxide increases with size decrease. Figure 10(b) shows that smaller oxides with higher MnO content are related to a higher content of MnS precipitate. According to the report of Hasegawa et al., 33) sulfide capacity of Mn-silicate increases with the increase in MnO content. Increase of soluble MnS can be explained in view of higher sulfide capacity in the smaller inclusion. However, it should be noted that MnS content in Fig. 10(b) does not mean either soluble MnS in the oxide or precipitated MnS alone, but implies the sum of soluble and precipitated MnS.
In order to understand the precipitation behavior of secondary inclusions during solidification, a comprehensive model 34) has been developed based on thermodynamic and kinetic analyses, considering micro-segregation during solidification. With this model, the composition of liquid inclusion precipitating at each solid fraction has been calculated during solidification of MS steel-results are presented in Fig. 11 . It is obvious that MnO ratio in Mn-silicate, i.e., (mass%MnO)/(mass%MnOϩmass%SiO 2 ), and MnS content in the inclusion increase with a decrease in precipitation temperature. If it is reasonable to assume that inclusions precipitating at lower temperatures are smaller due to limited growth time, the result of the simulation shown in Fig. 11 fits well with the experimental result presented in Fig. 10 .
Inclusions of case I in Fig. 10 exhibit a distinct morphology of multiple MnS precipitates, while inclusions of case II, without exception, bear only one MnS precipitate. In order to understand multiple nucleation of MnS precipitate on large-sized oxide seeds containing lower MnO content, several points should be noted. Firstly, a larger interfacial area of coarser inclusion may facilitate multiple nucleation. Initiation temperature of MnS precipitation may provide another reason. MnS precipitation begins at a higher temperature on smaller oxide seeds for smaller oxide will be easily saturated with MnS at higher temperatures during continuous cooling owing to smaller size and higher MnO content. On the contrary, larger oxides formed as primary phase will not be so easily saturated with MnS because of its size and lower MnO content. But local saturation of MnS is possible on the surface of coarse oxide because diffusivity of MnS in Mn-silicate is quite sluggish due to the high viscosity of the glassy state, 35) especially when MnO content is low. Hence, multiple MnS precipitation will take place on the surface of large oxide seed when localized surface regions are saturated with MnS, in particular at low temperatures, because nucleation rate increases with temperature decrease.
Effect of Ti Addition on Inclusions
Morphology of MnS Precipitation on Oxides
In order to elucidate the morphological change in MnS precipitation on oxide with Ti addition, liquidus and solidus temperatures of oxide seed have been calculated and presented in Fig. 12 . For the thermodynamic prediction of liquidus and solidus temperatures of oxide seed, measured compositions of inclusions shown in Fig. 8 were used. The stable phase in each temperature region is also denoted in the figure for each steel chemistry. In the case of MS steel, no two-phase region is predicted. When Ti is added, however, a two-phase region of molten oxide and solidified compound of oxide appears. When the temperature is higher than the liquidus temperature of oxide, only the molten oxide phase is stable. Below solidus temperature, solidified compounds of oxide are thermodynamically stable.
The morphological difference in MnS precipitation on oxide seed with Ti content in steels (Fig. 7) is thought to be related to the existence of liquid oxide phase at the moment of MnS precipitation. When liquid oxide phase is present at an isothermal holding temperature of 1 200°C (in other words, when the solidus temperature is lower than 1 200°C), MnS precipitates exist preferentially with molten oxide in an embedded state. If the oxide seed is in solid phase, however, MnS precipitates form a wrapping around the oxide seed. Thus, it can be stated that the morphology of MnS which is co-precipitated with oxide is mainly dependent on the physical state (whether liquid or solid) of oxide seed at the moment of MnS precipitation.
Preferential existence of MnS precipitates in the molten oxide phase in MS, MST1, and MST2 steels can be attrib- Table 1 .
uted to the result of MnS dissolution in molten oxide during thermal processing.
Inclusion Composition Changes
In cases of lower Ti content (MSWQ-MST2WQ), thermodynamic calculation predicts inclusion compositions more accurately (see Fig. 8 ). When Ti content exceeds 100 parts per million (MST3 and 4), predicted Ti and Mn contents show greater deviation from measured data. This may be related to retardation of decomposition of frozen oxides to compound phases which are stable at 1 200°C (in steels with higher Ti content) due to high solidus temperature. In other words, during isothermal holding at 1 200°C, oxide composition will shift from the composition of liquid oxide (frozen through water-quenching) at 1 600°C to the equilibrium composition of compound oxide stable at 1 200°C. There is a possibility that compositional change of inclusions may be retarded without any molten oxide phase while held at 1 200°C in MST3WQ and MST4WQ steels.
Conclusion
Features of primary and secondary inclusions in Mn/ Si and Mn/Si/Ti deoxidized steels were analyzed based upon experimental data and theoretical calculations. Morphological distinction in primary and secondary inclusions in each steel was manifested by SEM analysis. Composition and morphology of inclusions were measured in carefully designed experiments. Phase evolution and corresponding compositional changes were calculated under each condition using the computational thermodynamic method. Results of both theoretical and experimental approaches compare favorably with each other and good matches have been validated under prevailing conditions. It has been found that smaller oxide seeds are related to higher MnO and MnS content in the complex inclusions of Mn/Si deoxidized steels. The relationship among measured morphology, composition, and size of inclusions has been analyzed. Morphology of primary and secondary inclusions has been successfully elucidated from the analyses on the measured information about inclusions based on knowledge of steel melt solidification and thermodynamic prediction.
Influences of Ti addition on the morphology and composition of oxide inclusion were studied for Mn/Si/Ti deoxidized steels. SiO 2 but not MnO in molten oxide was gradually reduced with Ti addition up to 0.0061 mass% Ti, which is attributed to the higher affinity of Ti-oxide for MnO than SiO 2 . When Ti content exceeded 0.01 mass%, SiO 2 disappeared along with liquid oxide, and various kinds of Mn-Ti base complex oxide phases appeared.
The effect of Ti content on the formation behavior of complex inclusion composed of oxides and manganese sulfide has been investigated. MnS precipitation on primary oxide seeds in water-quenched steels with varying Ti contents has been promoted by isothermal holding at an elevated temperature of 1 200°C. Morphological evolution of MnS precipitation on oxide seed with varying Ti content in steels has been measured and discussed from the point of the physical state of oxide seed at an isothermal holding temperature of 1 200°C. When molten oxide phase is present at the moment of MnS precipitation (the period of isothermal holding at 1 200°C in the present study), MnS precipitates are seen with molten oxide in an embedded state while MnS precipitates wrap around oxide seed if the oxide seed is in solid phase. The composition of inclusions has been measured and compared with predicted data (at isothermal holding temperature) based on thermodynamic equilibrium. Predicted composition of inclusions fits well with the measured data.
